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We investigate the chiroptical response of a single plasmonic nanohelix interacting with a weakly-
focused circularly-polarized Gaussian beam. The optical scattering at the fundamental resonance
is characterized experimentally, and the chiral behavior of the nanohelix is explained based on a
multipole analysis. The angularly resolved emission of the excited nanohelix is verified experimen-
tally and it validates the theoretical results. Further, we study the first higher-order resonance and
explain the formation of chiral dipoles in both cases.
INTRODUCTION
Chirality in nature is a property of certain molecules
which allows them to interact differently with right- and
left-handed circularly polarized light. Chiral molecules
lack a plane of mirror symmetry in their molecular struc-
ture. They exist in two different forms (enantiomers),
which are mirror images of each other. Intuitive examples
of chiral molecules are those exhibiting a helical shape in
which the sense of twist defines their handedness. Inter-
action of light with chiral molecules leads to interesting
optical phenomena such as optical rotation and circular
dichroism [1], and have importance in, e.g., the life sci-
ences and chemical analysis [2–6]. Chiroptical effects of
natural compounds are rather weak and typically occur
in the ultraviolet which limits their applications. How-
ever, the advances in nanofabrication enabled the man-
ufacture of artificial media of enhanced chiral response
over the optical spectral range [7–10]. Such media, typi-
cally called chiral metamaterials, consist of chiral meta-
molecules, which take the form of sub-wavelength chiral
particles or particle-clusters. They are engineered to ex-
hibit a strong chiral response by controlling the geometry
of the particles [11–13] or clusters [14–18], their spatial
arrangement [19–21] or their material composition [22].
Chiral optical phenomena can also occur in anisotropic
achiral particles under oblique illumination such that
the particle and the wave vector of light form a chiral
triad, a phenomenon known as pseudo or extrinsic chi-
rality [23–26]. A variety of chiral metameterias have been
proposed and demonstrated to enable strong chiroptical
effects [11–13, 21, 27–29] and unusual phenomena such
as negative refraction [30–33] and the repulsive Casimir
force [34]. Tunable and strongly chiral metamolecules are
also desired for the realization of high-efficiency circular-
polarization optical elements [13, 21] and nanodevices for
dynamic light manipulation [26, 29, 35, 36].
As it relates to the lack of mirror symmetry of molecules
(or metamolecules), chirality is usually associated with
a three-dimensional geometry [1]. Among the various
three-dimensional chiral structures which have been in-
vestigated, helix-shaped scatterers have received signifi-
cant attention due to their strong, broadband and tun-
able chiroptical properties [37–43]. In particular, metal-
lic nanohelices supporting localized surface plasmons at
optical frequencies have been used to create metamateri-
als [38, 39, 41, 42] and metafluids [17, 44, 45] of enhanced
chirality. Despite the intense research on these struc-
tures, only a few reports have focused on the fundamen-
tal chiroptical properties of a single plasmonic nanohe-
lix [46–48].
In this paper, we study experimentally and numeri-
cally the chiroptical response of a single-loop plasmonic
nanohelix excited with circularly polarized light. The in-
vestigated structure is much smaller than the wavelength,
both in the transverse and longitudinal directions. To
this end, the nanohelix is characterized in terms of its op-
tical scatting and its chiral signature is explained based
on a multipole decomposition. The extracted spectra of
the electric and magnetic dipole moments allow further
to determine their contributions to the far-field scatter-
ing. Our results show that the optical response of the
fundamental resonance has contributions from dipole and
quadrupole moments, but it is dominated by the dipolar
response.
CHIROPTICAL RESPONSE OF A SINGLE-LOOP
NANOHELIX
We investigate a right-handed nanohelix fabricated on
a glass substrate using electron-beam-induced deposition
and coated with gold (see Methods). The nanohelix is
depicted schematically in Fig. 1a. The structure ex-
hibits nanoscopic dimensions with the radius of 60 nm,
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FIG. 1. Investigated nanostructure and experimental set-up. (a) Schematic illustration and scanning-electron micro-
graph (inset) of the investigated gold-coated nanohelix on a glass substrate. (b) Simplified sketch of the experimental set-up
utilized for the measurement of the nanohelix. A circularly polarized Gaussian beam is focused onto the nanohelix by a micro-
scope objective with NA of 0.9. The incoming beam only partially fills the back focal plane of the focusing lens and decreases
the effective focusing NA down to 0.5. The same objective collects the reflected and the back-scattered light within a large
solid angle equivalent to the NA of 0.9. Implementation of a 3D-piezo-stage allows for precise positioning of the structure
on the optical axis in the focal plane. The transmitted and forward-scattered light is collected by a second immersion-type
microscope objective with an NA of 1.3 which is located below the sample. In both directions, the total power is measured
with photo-diodes.
the pitch of 230 nm and the wire diameter of 70 nm.
We characterize the chiroptical response of the nanohe-
lix by measuring its reflectance and transmittance spec-
tra, as well as its far-field radiation using a custom-built
confocal-microscope setup (see simplified sketch Fig. 1b).
The helix is excited with a weakly focused circularly po-
larized Gaussian beam (effective focusing numerical aper-
ture (NA) of 0.5). For that purpose, the incoming spec-
trally filtered beam partially fills the back focal plane of
a high-NA lens (NA = 0.9). Note that this choice of
the focusing and collection NA’s provides a plan-wave-
like illumination of the structure and yet collects the
back-scattered and reflected light within a large solid an-
gle. The transmitted and the forward-scattered light is
collected by a second high-NA (1.3) immersion objec-
tive. For the measurements, the nanohelix is positioned
on the optical axis in the focal plane (see Methods and
Ref. [49, 50] for more details).
The reflectance (R) and transmittance (T ) spectra for
right-handed circularly polarized (RCP) and left-handed
circularly polarized (LCP) Gaussian excitation are mea-
sured wavelength-by-wavelength in the spectral range
from 1300 nm to 1650 nm around the fundamental reso-
nance of the investigated nanohelix. From this data, the
absorbance A can be calculated as A = 1−R− T . Sub-
sequently, the differential absorption, or equivalently, the
circular dichroism CD can be estimated as:
CD = ARCP −ALCP.
The corresponding datasets for R, T , A and CD are
shown in Fig. 2. Both the experimental and numerical
data (based on the finite-difference time-domain (FDTD)
method) show a resonance around 1450 nm for excita-
tion with RCP light, matching the handedness of the
nanohelix. For the incoming light of opposite handed-
ness, however, there is no obvious fingerprint of resonant
excitation. Thus, the resulting CD spectrum presented
in Fig. 2 (bottom) exhibits a broad peak centered at the
wavelength of 1450 nm which is a clear sign of the optical
activity of the nanohelix. The experimental and numer-
ical spectra are in a good agreement with each other.
Moreover, the FDTD simulations over a broader spectral
range confirm that the observed CD peak corresponds to
the fundamental resonance of the structure (see Fig. S1).
Hence, at λ = 1450 nm the helix pitch (the largest dimen-
sion of the structure) is over six times smaller than the
wavelength. The experimentally retrieved CD reaches a
maximum value of approximately 2.5 %. It should be
emphasized again that this value is recorded for a single
nanohelix, in contrast to most of the studies reporting
on CD values for large arrays of chiral nanostructures
[13, 40, 43, 46–48, 51]. In the case discussed here, a sin-
gle nanohelix with an approximate diameter of only 120
nm is excited by a Gaussian beam focused weakly down
to a spot with diameter of around 1.2 µm (full width at
half maximum at λ = 1450 nm).
MULTIPOLAR DECOMPOSITION OF THE
FUNDAMENTAL RESONANCE
To better understand the chiroptical response of the
nanohelix, we extract the polarization density provided
by the FDTD simulations and expand it into multipoles
up to order 3 (dipoles, quadrupoles, and octupoles; see
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FIG. 2. Measurements and numerical simulations of the chiroptical response of a single plasmonic nanohelix.
Reflectance and transmittance spectra are shown at the top. The corresponding absorbance spectra for both polarization states
of the incoming light are shown at the bottom. The resulting differential absorption (CD) is presented in the same graph.
Methods). Because the nanohelix interacts effectively
only with RCP, only this interaction is further investi-
gated. Figure 3 presents the spectra of the electric (p)
and magnetic (m) dipole moments obtained with RCP
excitation. The FDTD calculations were extended over
the wavelengths between 450 nm and 1900 nm and show
that, in the entire simulated spectral range, the opti-
cal response of the nanohelix is dominated by the two
dipoles. Our multipolar analysis indicates that the fun-
damental resonance of the nanohelix has contributions of
electric and magnetic dipoles and quadrupoles (see Sup-
plementary Information). However, the contribution of
the quadrupoles and any other higher order multipole
can be neglected because their strength is several orders
of magnitude smaller than the dipoles (a similar dipole-
dominated chiroptical response of a two-loop helix was
recently reported by Fruhnert et. al in Ref. [52]). Ac-
cordingly, at the resonance wavelength of 1450 nm, the
two dipoles are elliptically polarized and oscillate pre-
dominantly along the helix axis (z-axis, see Fig. 4a). The
ellipticity  was estimated to be 0.9965 and 0.9995 for the
electric and magnetic dipoles, respectively.
For a more intuitive understanding of the dipolar com-
position, it is instructive to analyze the resonant charge
and current distributions (see Fig. 4b). At a certain point
in time, the charges are well separated and accumulated
at both ends of the helix. Such a dipolar distribution
can be described as an electric dipole p, pointing from
the center of the charge accumulation at one end of the
helix to the other one. Hence, p is aligned predominantly
along the helix axis having a small tilt from the z-axis
which results from the finite length of the structure. The
4dipole moments for RCP
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FIG. 3. FDTD-retrieved dipolar response of the nanohelix. Absolute values and phases of the components of the
electric p and magnetic m dipole moments for the right-handed helix under RCP illumination. The blue-shaded range spans
over the spectral range of the experiment.
time-harmonic excitation, however, requires that after a
certain time the charges migrate to the other side, giving
rise to a current. Since the resonantly excited charges
flow along a curved path, they induce a resonant mag-
netic field perpendicular to the current, resulting in a
magnetic dipole moment m. It can be further assumed
that the charges move in a plane with its normal vec-
tor tilted by an angle (defined by the helix radius and
the pitch) with respect to the z-axis. Therefore, the in-
duced magnetic dipole moment must, be tilted respec-
tively. Furthermore, when the electric current is largest,
the electric charge is separated predominantly along the
direction along the x-direction. This temporal charge dis-
tribution at exactly ωt = pi/2 causes the ellipicity of p.
Similarly, when ωt approaches 2pi, the decaying current
at the ends of the nanohelix induces the small ellipticity
to m.
It is clear now that both electric and magnetic dipoles
have components in all directions. In particular, we note
here that transverse components are necessary to ex-
cite the fundamental resonance with the incoming plane-
wave-like (transverse) RCP field at normal incidence. For
a fixed orientation of the nanohelix in space, the two
dipoles do not change. Thus, as an intrinsically chiral
three-dimensional structure has to preserve its handed-
ness regardless of the point of observation, the resonance
can be excited regardless of the direction of the incoming
RCP [52]. Importantly, both dipoles are driven by the
same source which is pi/2 delayed for each dipole, namely
the harmonically oscillating electric charge along a finite
helical wire. At the wavelength of the fundamental reso-
nance, the nanohelix can be equivalently described as a
point-like scatterer driven by coupled electric and mag-
netic dipoles p+ im. In addition, the structure can also
be described as a nanoLC-circuit accessible for only one
handedness of the incoming light (here RCP) with regard
to its own geometrical twist [53].
Although the geometry does not allow the scatterer to
support electric and magnetic dipoles being entirely par-
allel to each other, the two moments share predomi-
nantly a common direction of oscillation (see Figs. 3
and 4a). Therefore, the intrinsic cross polarizability
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FIG. 4. Optical response of a single nanohelix at the wavelength of its fundamental resonance excited with
right-handed circularly polarized light. (a) The helix can be described as a system of coupled electric and magnetic
dipoles of ellipticities  and oscillating with a phase delay of pi/2. Both dipoles have a strong component along the z-axis (the
inset shows the projections of the retrieved dipoles on the xz- and yz-planes). (b) Distributions of the charge and current
densities on the helix surface for two different snapshots in time. Effectively, the structure acts as a nanoLC-circuit accessible
for only one handedness of the incoming light (here RCP) depending on its own geometrical twist.
G′′ ∼ = [p∗ ·m] [54] is non-zero. Note that the de-
manded non-zero projection of the electric and magnetic
dipoles onto each other fulfills the condition of a true
chiral entity according to Barron’s definition [1]. In a
first approximation, the value of G′′ can be estimated
by pz + imz which is, hence, responsible for the optical
activity of the nanohelix. A point-like system of cou-
pled electric and magnetic dipoles oscillating along the
same direction, which we call here a chiral dipole, is
parity-asymmetric and time-symmetric (see Supplemen-
tary Information). The time delay of pi/2 between the
electric and magnetic dipoles (pz+imz) resembles the re-
lation between the electric and magnetic field in a chiral
medium H = ±i√/µE, with  and µ being the permit-
tivity and permeability of the medium, respectively. Sets
of other dipole components of significant strength which
oscillate along perpendicular directions (e.g., (py,mz) or
(pz,my)) do not contribute to the optical activity as they
are parity-invariant. Such a dipolar system can be found
in a split-ring resonator under normal illumination for
which the structure stays optically inactive [23]. Con-
sequently, the presented helix is indeed an intrinsically
chiral entity.
To complete the analysis of the chiroptical response of
the nanohelix at its fundamental resonance, we investi-
gate the far-field scattered light at λ = 1450 nm. The
emission of a dipole placed near a dielectric interface,
regardless of its type and orientation, is predominantly
directed into the optically denser medium. In the chosen
scheme of an air-glass interface, the scattered light peaks
at the angle of NA = 1.0 in the glass substrate [55].
Hence, for experimental observation, we image the back
focal plane of the microscope objective in transmission,
where the scattered light is angularly separated from the
transmitted beam (see Methods and Refs. [50, 56] for
more details). Figure 5 shows the acquired distribution
of the light emitted by the nanohelix excited with RCP
light. The total intensity exhibits a ring-like distribu-
tion. Polarization analysis of the scattered light further
reveals that it is predominantly radially polarized and,
hence, dominated by the radiation of the electric dipole
[50], which is slightly tilted with respect to the z-axis.
The emission of the induced magnetic dipole moment,
thus, contributes extremely weakly to the intensity of
the far-field scattered light. This is caused not only by
the lower power radiated by the magnetic dipole but also
by its lower transmissivity through the air-glass interface
in comparison to the electric dipole [57]. Nonetheless,
the magnetic dipole is of utmost importance for the chi-
ral response of the nanohelix as discussed above. The
experimental data is in very good agreement with the
analytical calculations of the far-field emission of electric
and magnetic dipole moments above a plane dielectric
interface. To this end, the amplitudes and phases of the
FDTD-retrieved dipoles at λ = 1450 nm and RCP light
are used. The good overlap confirms again that the con-
tribution of higher-order multipoles can be neglected for
the investigated resonance.
FIRST HIGHER-ORDER RESONANCE
The dipole decomposition presented in Fig. 3 indi-
cates the first higher-order resonance of the nanohelix
at λ = 840 nm. Similar to the fundamental resonance,
the exited mode responds more strongly to RCP illumi-
nation (see Supplementary Information). Figure 6 shows
the corresponding distributions of the charge and cur-
rent densities retrieved from the FDTD simulations at
two different points in time delayed by pi/2. Because at
a certain point in time the positive and negative charges
accumulate at both ends of the helix and its middle, the
excited electric dipole oscillates predominantly along the
6FIG. 5. Far-field emission of a single nanohelix at the wavelength of its fundamental resonance. The forward-
scattered light observed experimentally in the back focal plane is mostly radially polarized. The analytical prediction based on
point-like dipole moments retrieved from the FDTD simulations near a dielectric substrate resembles well the experimentally
acquired intensity patterns.
x-axis. Such charge distribution will produce two curl-
like currents flowing towards the two ends of the nanohe-
lix. Accordingly, each half-loop will produce two mag-
netic dipole moments of the same transverse direction
but pointing in opposite z-direction. While the anti-
parallel longitudinal components will cancel each other,
the transverse components will interfere constructively.
Effectively, the running charges will produce a predomi-
nantly x-polarized magnetic dipole. The dipolar decom-
position (see Fig. 3) allows for describing the first higher-
order resonance as a point-like system of coupled electric
and magnetic dipoles of ellipticities of 0.9998 and 0.9991,
respectively. Due to the different charge and current dis-
tributions in comparison to the fundamental resonance
(see Fig. 4a and 6a), the cross polarizability of the reso-
nance can be estimated by the contribution of px − imx
to the scattering of the nanohelix. The transverse x-
polarized components can be treated, hence, as the chi-
ral dipole of the resonance and have a better coupling
overlap with the transverse RCP at normal incidence.
CONCLUSION
In summary, we have studied the optical response of
an intrinsically chiral plasmonic nanostructure exhibiting
sub-wavelength dimensions. In contrast to the majority
of works discussed in the literature so far, we study the
chiroptical response of a single-loop nanohelix to under-
stand its interaction with circularly polarized light on the
single-particle level. The discussion focuses on the funda-
mental and first higher-order resonances of the nanohelix.
We investigated the chiroptical response by measuring
and numerically calculating its differential absorption of
right- and left-handed circularly polarized light. From
the numerical data, we retrieved the multipolar response
and determined the structure of the dominating elec-
tric and magnetic dipole moments. We found that the
chirpotical response of the nanohelix is fundamentally
different for each of the two resonances, as the charge
distributions define chiral dipoles oriented in the z- and
x-directions for the fundamental and first-high order res-
onances, respectively. The non-zero projection of the two
dipoles onto each other is parity-asymmetric and time-
invariant and, hence, responsible for the chirality of the
structure and determine its strength. The experimentally
observed far-field emission at the fundamental resonance
is in a very good agreement with the one found analyt-
ically. Our findings contribute to the understanding of
chiral light-matter interactions based on the multipolar
response of a point-like chiral entity.
METHODS
Helix fabrication. A helix of nanometric dimensions was
fabricated using electron-beam-induced deposition (EBID) [58].
For that purpose, a 170 µm thick borosilicate glass cover slip
with a thin layer (46 nm) of indium tin oxide (ITO) for sufficient
surface conductivity was used as a substrate. The EBID process
took place in a vacuum chamber of a dual-beam instrument FEI
Strata DB 235. The metal-organic precursor dimethyl-gold(III)-
acetylacetonate (Me2Au(acac)) was heated up to 34◦C and
introduced to the chamber by a gas-injection system, placing the
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FIG. 6. Dipolar representation of the first higher-order resonance. Same as Fig. 4, but for λ = 840 nm.
inlet needle approximately 0.5 mm above the sample. In the prox-
imity of a focused electron beam, the injected precursor molecules
are dissociated and their non-volatile parts form a deposit while
the volatile parts are pumped out. By changing the relative
position of the focus with respect to the substrate, a single-loop
helix was produced. For the chosen dimensions, a pixel spacing of
1 nm and a dwell time of 1.2 ms lead to vertical pitch heights of
around 230 nm. Deposition process was carried out under pressure
of 0.2 - 0.5 mPa at an acceleration voltage of 15 kV and a current
below 100 pA, resulting in a helix wire with diameter of 20 nm. As
EBID process does not allow to fabricate purely metallic structures
[59], the helix was subsequently coated with gold using electron
beam evaporation under a pressure of 0.1 mPa. Conformity of
the coat was achieved by glancing angle deposition under 87◦ tilt
and rotating the sample. The resulting core-shell helix (similar
to structures reported recently Kosters et al. in Ref. [39]) had a
diameter of approximately 70 nm [60]. Lastly, the thin gold and
ITO layers around the helix were removed by an Ga focused ion-
beam operating at a voltage of 30 kV and a beam current of 10 pA.
Experimental setup and measurement scheme. The
custom-build measurement system (similar to the one used in
Refs.[22, 49, 50, 56]) was equipped with a broadband light source,
which covers the spectral range of interest between 1300 nm
and 1650 nm. To provide equal illumination condition at each
wavelength, the measurements were performed wavelength-
by-wavelength with a spectral step of 10 nm (effectively the
experimentally measured spectra consist of data points for 36
wavelength). To this end, the laser Gaussian beam was filtered
spectrally by an acousto-optical tunable filter down to approxi-
mately 5 nm spectral width. The quasi-monochromatic beam was
further polarized with a set of a linear polarizer and an achromatic
quarter-wave plate, and subsequently focused with a microscope
objective with a high NA of 0.9. The incoming beam only partially
filled the back focal plane of the microscope lens, reducing the
effective focusing NA down to 0.5 and preventing formation
of strong longitudinal field components across the focal plane.
The focus diameter changed slightly for individual wavelengths,
leading to an insignificant increase of the energy density on the
optical axis for shorter wavelengths. During the measurement the
nanohelix is placed on the optical axis in the focal plane. The glass
substrate with the investigated nanohelix on top was placed on
a three-dimensional piezo-stage. This enables precise positioning
of the sub-wavelength structure on the optical axis in the focal
plane. The actual on-axis position is found by raster-scanning the
nanohelix across the focused beam, and by a subsequent analysis
of the scans. The reflected and the back-scattered light is collected
by the focusing lens. The smaller waist of the incoming beam with
regard to the diameter of the back focal plane aperture resulted
in a plane-wave-like illumination of the structure at normal
incidence. On the other hand, the back-scattered and reflected
light could be collected within the full angular range provided by
the numerical aperture (0.9) of the objective. For separation of the
incident and the reflected light, a circular-polarization-preserving
beam-splitter-system [61] was inserted between the source and
the focusing lens. The transmitted and the forward-scattered
light was collected by a second immersion-type objective of
higher NA 1.3. In both directions, the total power was measured
with photo-diodes. The acquired data was normalized to the
power of the impinging light onto the sample by measuring a
reference signal for the air-glass interface and by calculating the
corresponding power Fresnel coefficients for each wavelength for
the chosen illumination scheme. For experimental observation
of the forward-scattered light in the far-field, the photo-diode in
transmission was replaced by a lens and a camera to image the
back focal plane of the objective. Due to the very high NA of
1.3 of the microscope lens, the scattered light could be clearly
distinguished from the transmitted beam within the angular range
of NA ∈ [0.9, 1.3]. For details see Refs. [50, 56].
Numerical modeling. The theoretical transmittance and re-
flectance spectra were obtained using a Maxwell’s-equations solver
based on the finite-difference time-domain method (Lumerical
FDTD Solutions). All simulations were carried out using a
Gaussian beam with the same characteristics as those used in the
experiments. The permittivity dispersion of gold was taken from
Ref. [62]. Based on ellipsometry measurements, the refractive
index of the glass substrate was set to 1.51, and its dispersion
was neglected. For equal illumination conditions, the circularly
polarized Gaussian beam was set to be monochromatic. The
simulations were run in the spectral range between 450 nm and
1900 nm with a spectral step size of 10 nm (see Supplementary
Information). The focusing scheme was chosen in accordance with
the experiment (same focusing NA of 0.5 for all wavelengths) and,
hence, the size of the focal spot changed slightly as explained
above. The simulation provided the densities of charge and current
as well as the polarization density P for the subsequent spectral
multipole decomposition of the investigated nanohelix.
Multipolar decomposition. The FDTD-retrieved spatial distri-
butions of the polarization density P(r) in close proximity of the
nanohelix was further evaluated to determine the spectral multi-
polar response using [63, 64]:
p =
∫
P(r) dr,
m = − iω
2
∫
[r×P(r)] dr,
Qe = 3
∫ [
rP(r) + P(r)r− 2
3
[r ·P(r)] U
]
dr,
Qm =
ω
3i
∫
([r×P(r)] r + r [r×P(r)]) dr,
where p, m, Qe and Qm represent the electric and magnetic
8dipole and quadrupole moments, respectively, r = (x,y,z) is a
position in space and U is the 3 x 3 unit tensor. It shall be
noted that the equations above are valid for a scatterer of very
small dimensions compared to the excitation wavelength. The
helix presented in Fig. 1 fulfills the condition as the pitch (the
largest dimension of the structure) is over six times smaller and
almost four times smaller than the wavelength of the fundamental
resonance and the first higher-order resonance, respectively. For
scatterers of larger dimensions, the exact solution, which takes
into account the so-called toroidal moments, has been recently
presented by Alaee et al. in Ref. [65].
Far-field emission into substrate. For a point (dipolar) emitter
in air close to a dielectric interface, the far-field intensity distribu-
tion into the substrate reads I = |ETM|2 + |ETE|2 with [66]
ETM = E
p
TM + E
m
TM,
ETE = E
p
TE + E
m
TE,
where ETM and ETE represent two polarizations of the scattered
light for which the electric field oscillates parallelly and perpen-
dicularly with respect to the meridional plane, respectively. The
contribution of the electric dipole p =
(
px, py , pz
)
to the far-field
mission can be determined from(
EpTM
EpTE
)
= CFtMp
 pxpy
py

and of the magnetic dipole m =
(
mx, my , mz
)
reads
(
EmTM
EmTE
)
=
C
c0
FtMm
 mxmy
my

with
C = ei|k|nr
|k|2
√
|k|2 n2 − k2⊥
4pir0κz
eiκzd.
Here, k =
(
kx, ky , kz
)
represents the wave vector in free space
(|k| = 2pi/λ), k⊥ =
(
k2x + k
2
y
)1/2
is the transverse wave number
in free space, κz =
(
|k|2 − k2⊥
)1/2
and n, 0, c0, d and r are the
refractive index of the glass substrate, the vacuum permittivity,
the speed of light, the distance between the point emitter and the
substrate, and the distance to the observer, respectively. In the
equations above Ft stands in for the transmission matrix defined
as
Ft =
(
tTM 0
0 tTE
)
with tTM and tTE being the Fresnel transmission coefficients for
TM- and TE-polarized light. The two matrices Mp and Mm are
the rotation matrices which project the electric field of the light
emitted by the dipoles onto the plane-waves of the angular spec-
trum of the back focal plane and are defined as
Mp =
 kxκzk⊥|k| kyκzk⊥|k| − k⊥|k|
− ky
k⊥
kx
k⊥
0

Mm =
 − kyk⊥ kxk⊥ 0
− kxκz
k⊥|k| −
kyκz
k⊥|k|
k⊥
|k|
 .
Accordingly, the x- and y-polarized components of the electric
field in the far-field read Ex = ETM cosφ − ETE sinφ and Ey =
ETM sinφ + ETE cosφ, where the angle φ is the azimuth coordi-
nate measured from the x-axis towards y-axis of the coordinate
system whose center coincides with the point emitter (see Fig. 4).
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Chiroptical response of a single plasmonic nanohelix
SUPPLEMENTARY INFORMATION
SPECTRAL MULTIPOLE EXPANSION OF AN INDIVIDUAL SINGLE-LOOP PLASMONIC HELIX
The FDTD simulations were performed for a spectral range between 450 nm and 1900 nm with a step size of 10 nm. The nanohelix
was excited with a weakly focused (NA = 0.5) circularly polarized Gaussian beam following the illumination scheme in the experiment.
Fig. S1 presents the reflectance, transmittance, absorbance, and differential absorption spectra for RCP and LCP light. The reflectance
and the transmittance spectra are normalized to the input power and the two other quantities are calculated as explained in the main text.
Accordingly, the experimentally investigated resonance at 1450 nm is identified to correspond to the fundamental mode of the structure
and the first higher-order resonance is expected at the wavelength of 840 nm. Furthermore, using the FDTD-recorded polarization density
P, the spectral multipolar decomposition was done as described in Methods. The optical response of the helix was expanded into electric
and magnetic multipoles up to order 3 (dipole, quadrupole, and octupole). The investigated structure can be effectively described with
dispersive electric and magnetic dipoles as depicted in Figs. S2-S4. Due to the very weak strength of the octupoles (∼11-12 orders of
magnitude weaker than the retrieved quadrupoles), only the spectra for the dipoles and quadrupoles are presented.
PT -SYMMETRIES OF
A SYSTEM OF COUPLED ELECTRIC AND MAGNETIC DIPOLES
Figure S5a presents the chiral dipole of the fundamental resonance pz + imz under a parity transformation (P ) and time inversion (T ).
This can be seen as a test for chirality of the z-polarized coupled electric and magnetic dipoles [1]. While an electric dipole has an odd
parity, a magnetic dipole, in contrast, exhibits even parity. A P transformation hence results in a dipole system defined by −pz + imz
which does not coincide with the original set of dipoles under any isometric transformation except P−1. Effectively, the P transformed
dipole system describes a left-handed structure, which does not coincide with the investigated right-handed nanohelix. Moreover, a true
three-dimensional chiral system is time (T ) irreversible. The sense of rotation of the eddy current (at ωt = pi/2) changes under a T
transformation (ωt → −ωt) and the magnetic dipole moment alters its orientation respectively. If pz and mz were not coupled via the
geometry of the nanohelix, the longitudinal electric dipole moment would stay unaffected. Nevertheless, the time-harmonic oscillation
of charge forces pz to reorient with mz , and the resulting state is again indistinguishable from the initial one despite a pi phase change
(P(pz + imz) 6= pz + imz = T(pz + imz)). The simultaneous change of both dipole moments under T inversion is a consequence of the
magnetoelectric coupling induced by the geometry of the nanostructure.
On the contrary, a point-like system of coupled electric and magnetic dipoles oscillating along two orthogonal directions does not fulfill the
argument of the PT -symmetries. Figure S5b shows another set of dipole components pz + imx at λ = 1450 nm presented in Fig. 3 in the
main text. Under P transformation the resulting system can be easily superimposed with the initial pair of dipoles by a rotation about
the x-azis (Rx(pi)). Also, rotations about the x- and z-axises (Rx(pi) + Rz(pi)) of the T -transformed dipoles can be overlapped with the
input set of dipoles. Since P(pz + imx) = T(pz + imx) = pz + imx, a point-like system based on coupled orthogonal electric and magnetic
dipoles is not chiral.
A point-like system of coupled electric and magnetic orthogonal dipoles is supported by a planar and solid split-ring resonator (SRR).
Excited at normal incidence with, e.g., linearly or azimuthally polarized beam [49, 67–69], the structure can be represented similarly as
depicted in Fig. S5b and, hence, a planar SRR does not exhibit optical activity. The excited dipoles can, however, be forced to have
a common direction of oscillation, if the structure will be excited at oblique incidence. For tilted illumination, the wave vector of the
incoming light and the SRR will create a chiral triad [23]. Effectively the structure will appear to be a three-dimensional figure and exhibit
so-called extrinsic chirality; hence extrinsic G′′ 6= 0.
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FIG. S1. Broadband FDTD simulations of the chiroptical response of the investigated nanohelix. Dispersion of the differential
absorption (CD) for right- (RCP) and left-circularly polarized light (LCP) by the helix depicted in Fig. 1a in the main text.
The absorbance of light is determined from the acquired reflectance and transmittance spectra in the spectral range between
450 nm and 1900 nm. The first two CD resonances are determined to be at 1450 nm and at 840 nm. The blue-shaded spectral
range spans over the spectral range of the experiment.
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FIG. S2. Absolute values and phases of the components of the electric p and magnetic m dipole moments for the right-handed
helix under LCP illumination.
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FIG. S3. Absolute values of the components of the magnetic Qm and electric Qe quadrupoles of the helix under RCP illumi-
nation.
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FIG. S5. Parity (P ) and time (T ) inversions of a point-like system of coupled electric and magnetic dipoles of (a) parallel and
(a) perpendicular orientations.
